We report the observation of enhanced oxidation on silicon and porous silicon samples exposed in air ambient to high-dose-rate 10 keV x-ray radiation at room temperature. The evolution of the radiation-induced oxide growth is monitored by ellipsometry and interferometric reflectance spectroscopy. Fourier transform infrared ͑FTIR͒ spectroscopy shows the emergence of Si-O-Si stretching modes and corresponding suppression of SiH x and Si-Si modes in the porous silicon samples. The radiation response depends strongly on initial native oxide thickness and Si-H surface species. The enhanced oxidation mechanism is attributed to photoinduced oxidation processes wherein energetic photons are used to dissociate molecular oxygen and promote the formation of more reactive oxygen species.
I. MOTIVATION
While a large body of work has focused on radiationinduced effects of silicon based diodes and metal-oxidesemiconductor ͑MOS͒ devices, 1-4 relatively little attention has been paid to exploring radiation effects on high surface area porous silicon structures that possess a large radiation interaction area. Previously, it has been suggested that gamma irradiation accelerates oxidation of porous silicon. 5 Irradiation was observed to stabilize photoluminescence properties of porous silicon that decay over time in asanodized samples. However, no follow-up studies, on either porous or crystalline silicon, have been performed to further investigate the mechanism of the radiation-induced oxidation. We note that porous silicon has already emerged as a highly sensitive platform for optical detection of chemical and biomolecular species. [6] [7] [8] [9] In this work we investigate the phenomenon of enhanced oxidation effects of silicon and porous silicon samples that occurs over three decades of 10 keV x-ray irradiation.
II. SAMPLE PREPARATION
Silicon samples used in this work were boron doped p-type Si͑100͒, 0.01-0.02 ⍀ cm. Porous silicon films were fabricated on these wafers by electrochemical etching in 15% ethanoic aqueous hydrofluoric ͑HF͒ acid. A current density of 48 mA/ cm 2 was applied for 67 s to produce an approximately 2 m thick layer with approximately 75% porosity. Porous silicon film thickness was estimated by scanning electron microscopy ͑SEM͒, and porosity was estimated by modeling spectroscopic reflectance with a Bruggeman effective medium approximation. Before x-ray irradiation, bare silicon substrates were immersed in aqueous hydrofluoric acid ͑HF͒ solution to remove the native oxide and subsequently rinsed with de-ionized water and dried under nitrogen flow. Irradiation was performed no more than 30 min following HF treatment to ensure minimal native oxide growth. Control samples, cleaved from the same HF treated Si͑100͒ wafer, were left in air ambient during irradiation. Thickness measurements were performed on the silicon samples before and after each irradiation step with a J. A. Woolam M-2000 Spectroscopic Ellipsometer. For ellipsometry analysis, the refractive index of SiO 2 was approximated using the bulk value n oxide Ϸ 1.46; while this approximation may not produce perfectly accurate thickness values, due to details of native oxide initial formation and the inherent difference between bulk and surface species, this estimation yields reasonable nominal values and reliable trends for oxide growth. Porous silicon samples were measured by spectroscopic reflectance over the wavelength range 500-2000 nm between dosing steps. Subsequent analysis was performed using reflective interferometric Fourier transform spectroscopy, RIFTS, 7 to determine the change in effective optical thickness of the samples due to irradiation. FTIR spectroscopy was used to monitor specific chemical species and bonding associated with the porous silicon surface. All samples were irradiated using an ARACOR 10 keV x-ray source at a dose rate of 31.5 k rad͑SiO 2 ͒ / min. Figure 1 shows the results of ellipsometry measurements on silicon wafers exposed to x-ray irradiation up to a total ionizing dose ͑TID͒ of ϳ11. growth on the control sample proceeds in a linear fashion with a slope 0.0058 Å/min ͑R 2 = 0.9976͒. 10 This evolution is in sharp contrast to the irradiated specimen that shows an initially dramatic increase of 6 Å within the first time step. It is likely that a significant fraction of the first 6 Å of oxide is actually grown in a time period much shorter than the initial time step of 90 min. Following the initial dosing step, the oxide proceeds to grow at a linear rate. A linear fit reveals a growth rate of 0.0163 Å/min ͑R 2 = 0.9982͒, which represents a three-times enhancement over the rate of ambient oxidation of the silicon wafer. Thus, the application of persistent ionizing radiation causes an initial increase in oxide growth, and then continuing enhancement of the natural oxidation rate.
III. SILICON IRRADIATION STUDIES
Following the ϳ11.2 M rad͑SiO 2 ͒ irradiation, both the irradiated and control silicon samples were left out in air ambient and monitored periodically over the course of several weeks. On this longer time scale, natural oxidation deviates from linearity and begins to saturate. As shown in Fig.  2 , both the irradiated and control silicon samples appear to saturate to approximately the same oxide thickness. This result confirms that ambient oxidation not only slows with respect to time, but that it is also largely affected by the preexisting oxide layer thickness. In this case, the irradiated sample already has ϳ2 nm of oxide, whereas the control sample has only ϳ1 nm. Similar to traditional diffusive models of oxidation, wherein oxidizing species must pass through the existing oxide layer to reach the reacting silicon surface, the samples with thinner initial oxides support faster continued native oxide growth. Second, our measurements indicate that irradiated silicon samples terminate their growth at a standard native oxide thickness. Lastly, the data from Fig. 2 also suggests that samples with an initial oxide thickness equal to or greater than the terminal native oxide thickness may not respond to radiation. In order to test this hypothesis, silicon wafers that were left in air ambient for six months ͑i.e., possessing a terminal native oxide layer͒ were exposed to 7.56 M rad͑SiO 2 ͒ of x-ray irradiation at 31.5 k rad͑SiO 2 ͒ / min. These samples showed no change in oxide thickness after irradiation. Hence, under the conditions used in this work, 10 keV x-ray irradiation only accelerates the natural native oxide process; it does not grow additional oxide, unlike low temperature ultraviolet irradiation processes.
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IV. POROUS SILICON IRRADIATION STUDIES
Following the studies on silicon wafers, freshly etched porous silicon films were irradiated over varied intervals up to a TID of 7.56 M rad͑SiO 2 ͒ ͑i.e., 240 min͒ to investigate the influence of increased silicon interaction surface area with radiation. FTIR spectroscopy measurements of an irradiated porous silicon film, shown in Fig. 3 , reveal the irradiation-dependent evolution of absorbance peaks characteristic of Si-Si ͑615 cm −1 ͒, Si-O-Si ͑1050 cm −1 ͒, and SiH x ͑ϳ2115 cm −1 ͒. Freshly anodized PSi, formed electrochemically in HF, has low SiO 2 content and very strong hydrogen surface termination. This composition is confirmed by the initially small absorbance of the Si-O-Si stretching mode ͓Fig. 3͑a͔͒ and the correspondingly large absorbance observed for the SiH x ͑x=3,1,2͒ stretching modes ͓Fig. 3͑b͔͒. As irradiation is performed, the chemical structure of the PSi surface is modified. In particular, we observe a strong increase in the Si-O-Si mode, accompanied by reductions to the absorbance of the SiH x and Si-Si modes. Oxidation is initiated as Si-Si bonds are consumed and new Si-O-Si bonds are formed. Simultaneously, we observe a reduction in the hydrogen termination, SiH x , and the development of the SiO-H stretching mode at ϳ3750 cm −1 ͑not shown͒. These results are consistent with the early stages of oxidation in porous silicon. 14, 15 Control samples maintained in air ambient showed negligible changes over the course of the irradiation experiment.
Reflectance measurements, performed in parallel with FTIR spectroscopy, were analyzed using the RIFTS method to monitor changes in the porous silicon effective optical thickness ͑EOT͒, where EOT is equivalent to twice the product of the film's refractive index, n, and thickness, L, or 2 nL, over the course of irradiation. Figure 4 shows that, as irra- diation is performed, there is an approximately linear decrease in the optical thickness. As the radiation-induced oxidation ensues, the effective refractive index of the porous silicon layer is decreased when the higher refractive index silicon matrix is partially consumed and lower index silicon dioxide is formed. Porous silicon control samples showed no measurable reduction in optical thickness over the course of the experiment. To approximate the oxide layer thickness on the internal surface of the pores, we use a 3-component effective medium theory where we assume our porous silicon has cylindrical 30 nm diameter pores, a film thickness of approximately 2 m, and an effective optical thickness 2nL= 5347 nm. 16 The results of these calculations, shown in Fig. 4 , suggest that the oxide growth rate is approximately 2.5 times slower than that observed on silicon wafers.
V. DISCUSSION
We believe that porous silicon films oxidize at slower rates than silicon wafers in large part due to the strong hydrogen termination of freshly anodized porous silicon. Si-H bonds are known to stretch perpendicular to the silicon surface and hinder the approach of oxidizing species. 17 To further explore the role of surface hydrogen termination, we irradiated porous silicon samples that contained a lower SiH x content. These samples were prepared by exposing porous silicon to 1.5 mM KOH ͑1:5 of 9 mM aqueous KOH and ethanol͒ for 10 min. The applied KOH slowly etches the silicon structure and reduces hydrogen termination. 18 The reduced SiH x content was confirmed by FTIR spectroscopy. Subsequent irradiation was found to oxidize the KOH treated porous silicon samples 30% faster than the untreated irradiated porous silicon samples. Further, unlike the untreated porous silicon control samples, KOH treated control samples showed measurable oxidation in air ambient over the course of the measurement duration. The oxidation rate of the KOH treated non-irradiated control samples was approximately 80% slower than that of the irradiated KOH treated porous silicon samples. Thus, we can conclude that surface hydrogen species play an important and significant role in determining the rate of radiation-enhanced oxidation that is consistent with other oxidation reports. 11, 17 Further, due to the greater abundance of surface hydrogen species on freshly anodized PSi samples, it is not surprising that the rate of radiation-enhanced oxidation is less for porous silicon compared to silicon wafers.
We believe that the mechanism for enhanced oxidation of silicon and porous silicon by 10 keV x-ray irradiation may be similar to that found in well studied low-temperature UV photo-oxidation processes wherein photon energy dissociates oxygen molecules and promotes the formation of more reactive ozone and atomic oxygen species. In the case of 126 nm UV irradiation, significant growth rates as high as 5 nm/min have been reported at room temperature. 13 This enhancement is three orders of magnitude greater than what we presently observe for x-ray irradiation. However, UV photo-oxidation processes utilize a flux in the range of 10 17 -10 18 photons cm −2 s −1 , whereas our x-ray irradiation study is estimated at 10 12 photons cm −2 s −1 . Thus, on a per photon basis our oxidation enhancement is performing more efficiently than 126 nm UV photo-oxidation. This likely is associated with the higher energy of the 10 keV irradiation source used in this study, which is more likely to interact with multiple oxygen species than 9.8 eV photons, corresponding to 126 nm UV irradiation. In addition to providing more reactive oxygen species at the gas/ SiO 2 interface, it has been postulated that incident radiation also leads to the photoinjection of electrons from Si into the SiO 2 film. 19 This process leads to an increased probability of forming ionic oxygen species, including O − , O 2 − , and O 3 − , within the SiO 2 layer. As a result, the kinetics of oxidant transport through the oxide film is controlled not only by diffusion, but also by field-assisted drift. Indeed, recent work investigating enhanced oxidation of silicon under pulsed F 2 -laser irradiation at 157 nm suggests that charged oxygen species, primarily O − ions, play a dominant role. 11 Hence, we believe that 10 keV x-ray irradiation may similarly produce ionic oxygen species that contribute to our observed enhanced room temperature oxidation effect.
VI. CONCLUSION
In summary, we have reported the observation of enhanced oxidation on silicon and porous silicon when exposed in air ambient to high dose rates ͓31.5 k rad͑SiO 2 ͒ / min͔ of 10 keV x-ray radiation at room temperature. The radiationinduced enhancement can be partially or completely inhibited by pre-existing surface terminations of SiH x and Si-O-Si species. The x-ray induced oxide growth process is similar to low-temperature UV photo-oxidation methods, where the photoinduced dissociation of molecular oxygen species, combined with photoinjection of electrons from Si into the oxide, leads to the formation of more reactive oxygen species.
